
ABSTRACT

The amino acid L-methionine is known to exert antioxidant

effects by as yet unidentified mechanisms. In the present

study, L-methionine led to a concentration-dependent induc-

tion of the antioxidant proteins heme oxygenase-1 (HO-1)

and ferritin in cultured endothelial cells (ECV 304). HO-1

protein expression was accompanied by an increased catalyt-

ic activity of the enzyme. Long-term pre-incubation of

endothelial cells with L-methionine reduced NADPH-medi-

ated radical formation by up to 60%. The antioxidant effect

of L-methionine was mimicked by the HO-1 product biliru-

bin, which suppressed free radical formation almost com-

pletely. Reduction of superoxide generation by L-methionine

was inhibited in the presence of the nitric oxide (NO) syn-

thase inhibitor L-NMMA, suggesting the involvement of

endogenous NO in L-methionine-dependent cytoprotection.

These findings demonstrate that L-methionine reduces free

radical formation in endothelial cells, possibly through

induction of heme oxygenase-1 and ferritin. This novel, indi-

rect antioxidant action might be relevant for the preventive

potential of methionine and methionine rich diets under con-

ditions of inflammation and oxidative stress.
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INTRODUCTION

Oxidant stress is a causative factor of endothelial dysfunction

and plays an important role in the pathophysiology of sever-

al vascular diseases such as atherosclerosis, diabetes, or neu-

rodegenerative diseases. Emerging evidence suggests an

important role of nutritional factors (eg, antioxidants, fatty

acids, bioactive peptides, or free amino acids) in modulating

endothelial function. L-alanine and structurally similar

amino acids have been reported to reduce endothelial cell

death caused by reactive oxygen species.1-4 Similarly, the

essential amino acid L-methionine shows antioxidant proper-

ties in various models of oxidative stress. Antioxidant effects

of L-methionine lead to the reduction of lipid peroxidation,

protection against membrane damage, and to restoration of

changes in the glutathione system.5,6 Methionine residues

can act as powerful endogenous antioxidants in proteins.7-9

Moreover, L-methionine has also been reported to reduce

liver damage caused by lead exposure or treatment with acet-

aminophen.10,11 The mechanisms responsible for the

observed L-methionine-induced cytoprotection are not yet

fully understood. The free radical scavenging activities of

methionine can only partially be explained by the chelating

function of its sulfur moiety. However, a plausible mode of

action might be the induction of tissue protective genes and

proteins that reduce damage inflicted by reactive oxygen

species (ROS).

Recently, the stress proteins heme oxygenase (HO-1) and

ferritin have been identified as targets and antioxidant medi-

ators of drugs and micronutrients.3,12,13 HO-1 is an inducible

enzyme that catalyzes the degradation of heme. This process

leads to generation of bilirubin, iron, and carbon monoxide

(CO). Bilirubin exerts strong antioxidant effects at physio-

logical plasma concentrations. High-normal plasma levels of

bilirubin were reported to be inversely related to atherogenic

risk and to provide protection against endothelial damage.

CO has likewise been shown to produce anti-apoptotic and

cytoprotective actions.14,15

The HO-1-dependent release of free iron from the core of the

heme molecule results in the up-regulation of ferritin protein

expression. Ferritin provides antioxidant cellular protection

by rapidly sequestering free cytosolic iron, which is the cru-

cial catalyst of oxygen-centered radical formation via the

Fenton reaction in biological systems.16,17 Thus, ferritin plays

an important role as a fast-acting endogenous cytoprotectant

in cellular antioxidant defense mechanisms.18,19

In the present study we investigated the effect of L-methion-

ine on the expression of the antioxidant stress proteins, HO-

1 and ferritin, and their contribution to the reduction of radi-

cal formation seen under the influence of this amino acid.

MATERIALS AND METHODS

Materials

Fetal bovine serum, cell culture media, and gentamycin were

obtained from Gibco (Eggenstein, Germany). The
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Chemiluminescence Western Blotting Kit was from

Amersham (Freiburg, FRG). HO-1 primary antibody was

obtained from Alexis (Grünberg, Germany). All other chem-

icals were purchased from Sigma (Deisenhofen, Germany).

Cell Culture

The human endothelial cell line ECV304 was obtained from

the European Collection of Cell Cultures.20 ECV304

endothelial cells were maintained and subcultured in M199

medium containing 10% fetal bovine serum and gentamycin

(50 µg/mL). The cells were grown in a humidified incubator

at 37°C and 5% CO2.

Formation of ROS

NADPH (nicotinamide adenine dinucleotide phosphate)-

dependent ROS formation was measured by monitoring luci-

genin-derived chemiluminescence at 37°C using the

Berthold LB96V luminometer according to previously pub-

lished protocols.21,22 Cells were cultured in 12-well plates.

After a pretreatment with L-methionine for 24 hours, cells

were suspended in PBS and subsequently, lucigenin (50 µM)

and NADPH (100 µM) were added. L-NG-Monomethyl argi-

nine (L-NMMA) and zinc deuteroporphyrin IX 2,4-bis-eth-

ylene glycol (ZnBG) were added 30 minutes prior to L-

methionine; bilirubin was added directly to the suspended

cells. Chemiluminescence was measured in relative light

units (RLU) every 5 minutes over a period of 30 minutes.

Data shown represent the mean of peak values of the 30-

minute measurement in percent of maximal light emission

(RLUmax %) of NADPH-treated control cells.

HO-1 and Ferritin Protein Analysis

Endothelial cells were cultured in 100-mm dishes as described

above. After a 24-hour incubation with control media or L-

methionine, cells were washed and extracted as described pre-

viously.23 Protein (100 µg for HO-1 and 20 µg for ferritin pro-

tein analysis) was applied to sodium dodecyl sulfate polyacry-

lamide gel electrophoresis. After electrophoresis, protein was

transferred to a nitrocellulose membrane, and a polyclonal

antibody to HO-1 and ferritin was used to identify the protein

content. Antigen antibody complexes were visualized with the

horseradish peroxidase chemiluminescence system according

to the manufacturer’s instructions (Amersham, Freiburg,

Germany). Quantitation of the protein content was performed

using computer-assisted videodensitometry (Eagle Eye II-sys-

tem, Stratagene, La Jolla, CA).

HO Activity (Bilirubin Formation)

Confluent endothelial cells in 150-mm dishes were incubated

for 24 hours in the presence of control media or L-methion-

ine. The method used for the determination of HO-1 activity

via bilirubin formation follows the protocol published by

Motterlini et al.24 Briefly after the incubation, cells were

washed twice with phosphate-buffered saline, gently scraped

off the dish, and centrifuged (5000 rpm, 10 minutes, 4°C).

The cell pellet was suspended in MgCl2 (2 mM) phosphate

(100 mM) buffer (pH 7.4), frozen at –80°C, thawed 3 times,

and finally sonicated on ice before centrifugation at 4000 rpm

for 10 minutes at 4°C. The supernatant (400 µL) was added to

a NADPH-generating system containing 0.8 mM NADPH, 2

mM glucose-6-phosphate, 0.2 U glucose-6-phosphate-1-

dehydrogenase, and 2 mg protein of rat liver cytosol prepared

from the 105 000-g supernatant fraction as a source of

biliverdin reductase, potassium phosphate buffer (100 mM,

pH 7.4), and hemin (10 µM) in a final volume of 200 µL. The

reaction was conducted for 1 hour at 37°C in the dark and ter-

minated by addition of 800 µL chloroform. The extracted

bilirubin was calculated by the difference in absorption

between 464 and 530 nm using a quartz cuvette (extinction

coefficient, 40 mM–1 cm–1 for bilirubin). HO-1 activity was

measured as picomoles of bilirubin formed per milligram of

endothelial cell protein per hour (data in percent).

RESULTS

Protein Expression and HO-1 Activity

In endothelial cells, a 24-hour incubation with L-methionine

produced a concentration-dependent increase in HO-1 pro-

tein levels up to 9.5-fold over basal (Figure 1). HO-1 induc-

tion was associated with a marked increase in protein expres-

sion of a secondary antioxidant protein, ferritin (Figure 2). In

addition, L-methionine increased HO-1 activity, ie, forma-

tion of the antioxidant metabolite bilirubin in the cell lysate

(Figure 3).

Formation of ROS

Long-term pre-incubation of endothelial cells (24 hours)

with L-methionine reduced NADPH-mediated radical for-

mation by up to 60% (Figure 4). The antioxidant effect of L-

methionine was mimicked by exogenous bilirubin, which led

to an almost complete suppression of free radical formation

(Figure 5). In order to explore a potential involvement of

HO-1 products such as bilirubin in the observed antioxidant

effect of L-methionine, the HO-1 inhibitor ZnBG was used.

At concentrations that were previously shown to specifically

block HO activity and to not interfere with other hemopro-

teins,25 ZnBG abrogated the reduction of NADPH-dependent

O2
– formation by L-methionine (Figure 6). Moreover L-

methionine-induced blockade of free radical formation was

rescued in the presence of the nitric oxide (NO) synthase

inhibitor L-NMMA (Figure 7). ZnBG or L-NMMA alone

were without influence on NADPH-mediated radical forma-

tion under these conditions (not shown).
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DISCUSSION AND CONCLUSION

In addition to its role as a precursor in protein synthesis, the

amino acid L-methionine has been reported to exert tissue

protective actions against free radical-induced injury.5,6

Moreover, methionine deficiency has been associated with a

variety of cardiac and vascular disorders and with carcino-

genesis.26-28 However, the underlying mechanisms that could

explain the antioxidant effects of methionine remain obscure.

This study demonstrates that the antioxidant defense protein

HO-1 is an intracellular site of action for L-methionine. The

amino acid stimulated HO-1 protein expression as well as

enzymatic activity in endothelial cells. Pretreatment with L-

methionine was associated with protection of endothelial

cells from oxidative stress. L-methionine inhibited ROS for-

mation that was elicited by addition of NADPH to the cells

following washout of L-methionine, suggesting an indirect

antioxidant action of the amino acid rather than direct radical

scavenging. Interestingly, the L-arginine antagonist and

inhibitor of NO synthase, L-NMMA, abrogated L-methion-

Figure 1. L-methionine (L-met) increases heme oxygenase-1

(HO-1) protein expression in a concentration-dependent manner

in endothelial cells. The densitometric data are shown as means

± SEM of n = 5 independent observations. *P < .05, treatment vs

CON (1-way ANOVA and Bonferroni’s multiple comparison

test). A representative Western blot analysis is shown in the

upper panel.

Figure 3. L-methionine (L-met) increases heme oxygenase

activity (bilirubin formation) in endothelial cells. Values are

means ± SEM of n = 4 independent observations. *P < .05, treat-

ment vs CON (1-way ANOVA and Bonferroni’s multiple com-

parison test).

Figure 2. L-methionine (L-met) increases ferritin protein expres-

sion in a concentration-dependent manner in endothelial cells.

The densitometric data are shown as means ± SEM of n = 5

independent observations. *P < .05, treatment vs CON (1-way

ANOVA and Bonferroni’s multiple comparison test). A represen-

tative Western blot analysis is shown in the upper panel.

Figure 4. Effect of L-methionine (L-met) on NADPH-dependent

O2
– formation in endothelial cells. Values are means ± SEM of n

= 3 independent observations. *P < .05, treatment vs CON (1-

way ANOVA and Bonferroni’s multiple comparison test).
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ine-induced radical scavenging. This finding points to the

involvement of endogenous NO, an established HO-1-induc-

ing signaling molecule,12,29,30 as a mediator of L-methionine-

dependent antioxidant actions. The effects of L-methionine

were observed at high micromolar and low millimolar con-

centrations of L-methionine, which are well within the range

of plasma levels after methionine loading.31 Higher concen-

trations between 5 and 20 mM L-methionine were required

to confirm increased HO-1 activity in a cell-free assay of

bilirubin. This inevitable loss of sensitivity during the “ex

vivo” measurement of specific enzyme activity in a broken

cell system has been reported previously and is a result of

induced HO-1 not being fully recoverable during the com-

plex preparation of lysate from intact cells that were preex-

posed to inducing agents.12,24

In recent years, HO-1 has emerged as an important mediator

of antioxidant and tissue protective actions. HO-1 antisense

and knockout studies as well as clinical investigations of

HO-1 promoter polymorphisms have clearly shown that HO-

1 assumes a central role in cellular antioxidant defense and,

specifically, in vascular protection.14,32,33 Cytoprotective and

anti-inflammatory actions of HO-1 outside the vasculature

have also been documented in various tissues including

heart, kidney, and neuronal cells.12,13,15,23 Therefore, it is

plausible to assume that the HO-1 induction observed in this

study contributes to the antioxidant profile of L-methion-

ine.5-11 In agreement with this, we found that the antioxidant

effect of L-methionine was abolished in the presence of the

HO-1 inhibitor ZnBG,25 suggesting that HO-1 and its enzy-

matic products are indeed of functional relevance. Moreover,

the HO-1 metabolite bilirubin, when added directly to the

cells, profoundly reduced NADPH-dependent oxidative

stress with ROS formation nearing that of untreated cells.

This effect was seen at low micromolar concentrations of

bilirubin. These concentrations are in the upper range of the

reference interval for bilirubin plasma levels (high-normal

bilirubin) that have been associated with reduced atherogenic

risk.34,35 Our findings lend support to the concept of bilirubin

as a biologically important antioxidant36 and to a role of HO-

1 in L-methionine-dependent endothelial protection.

Another HO metabolite, CO, has long been considered as

being tissue protective solely by its antiplatelet and vasodila-

tory effects, the latter being of potential benefit also in antag-

onizing vascular tolerance.37 However, recent evidence

points to direct anti-inflammatory properties of CO,15 which

may complement and support the cytoprotective and antiox-

idant actions of bilirubin. A third pathway besides CO and

bilirubin formation through which HO-1 induction leads to

tissue protection is the induction of a secondary antioxidant

Figure 5. Effect of bilirubin on NADPH-dependent O2
– forma-

tion in endothelial cells. Values are means ± SEM of n = 3 inde-

pendent observations. *P < .05, treatment vs CON (1-way

ANOVA and Bonferroni’s multiple comparison test).

Figure 7. Effect of the NO synthase inhibitor L-NMMA on the

antioxidant action of L-methionine (L-met) in endothelial cells.

Values are means ± SEM of n = 4 independent observations. *P
< .05, treatment vs CON. #P < .05, for treatment with L-NMMA

and L-methionine vs L-methionine alone (1-way ANOVA and

Bonferroni’s multiple comparison test).

Figure 6. Effect of the HO inhibitor ZnBG on the antioxidant

action of L-methionine (L-met) in endothelial cells. Values are

means ± SEM of n = 5 independent observations. *P < .05, treat-

ment vs CON. #P < .05, for treatment with ZnBG and L-methio-

nine vs L-methionine alone (1-way ANOVA and Bonferroni’s

multiple comparison test).
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protein, ferritin.38 Ferritin induction not only protects

endothelial cells from the damaging effects of iron-catalyzed

oxidative injury but has also been observed to affect the pro-

gression of atherosclerotic lesions in patients with coronary

heart disease.19,39 In this study, L-methionine produced

increases in ferritin protein expression at concentrations that

were also shown to result in HO-1 induction. Our observa-

tion that methionine is capable of activating iron-dependent

pathways is supported by earlier in vivo studies demonstrat-

ing increases in hepatic iron and ferritin levels after a methio-

nine-supplemented diet.40 In light of our investigations, acti-

vation of endogenous iron sequestration could be an impor-

tant mechanism by which L-methionine increases the cellu-

lar defense against oxidative injury.

In summary, we have demonstrated for the first time that L-

methionine stimulates expression as well as enzymatic activ-

ity of the antioxidant defense protein HO-1 in endothelial

cells. HO-1 induction was associated with a marked increase

in protein expression of a secondary antioxidant protein, fer-

ritin. Increased HO-1 and ferritin expression may contribute

to and explain the specific antioxidant actions of L-methion-

ine. Moreover, enhanced expression of these genes in the

endothelium and subsequent attenuation of free radical for-

mation might be relevant for the preventive potential of L-

methionine and L-methionine-rich diets under conditions of

inflammation and oxidative stress.

ACKNOWLEDGMENT

This work was supported by a research grant from the German

Federal Department of Education and Research (BMBF

Network “Nutrition and Atherosclerosis”, 0312750 A).

REFERENCES

1. Baines AD, Shaikh N, Ho P. Mechanisms of perfused kidney cytopro-

tection by alanine and glycine. Am J Physiol. 1990;259:F80-F87.

2. Garza-Quintero R, Ortega-Lopez J, Stein JH, Venkatachalam MA.

Alanine protects rabbit proximal tubules against anoxic injury in vitro.

Am J Physiol. 1990;258:F1075-F1083.

3. Grosser N, Oberle S, Berndt G, Erdmann K, Hemmerle A, Schroder H.

Antioxidant action of L-alanine: heme oxygenase-1 and ferritin as possi-

ble mediators. Biochem Biophys Res Commun. 2004;314:351-355.

4. Estacion M, Weinberg JS, Sinkins WG, Schilling WP. Blockade of

maitotoxin-induced endothelial cell lysis by glycine and L-alanine. Am J
Physiol Cell Physiol. 2003;284:C1006-C1020.

5. Slyshenkov VS, Shevalye AA, Liopo AV, Wojtczak L. Protective role

of L-methionine against free radical damage of rat brain synaptosomes.

Acta Biochim Pol. 2002;49:907-916.

6. Selvam R, Ravichandran V. Effect of oral methionine and vitamin E

on blood lipid peroxidation in vitamin B6 deficient rats. Biochem Int.
1991;23:1007-1017.

7. Levine RL, Mosoni L, Berlett BS, Stadtman ER. Methionine residues

as endogenous antioxidants in proteins. Proc Natl Acad Sci USA.

1996;93:15036-15040.

8. Levine RL, Moskovitz J, Stadtman ER. Oxidation of methionine in

proteins: roles in antioxidant defense and cellular regulation. IUBMB
Life. 2000;50:301-307.

9. Stadtman ER, Moskovitz J, Berlett BS, Levine RL. Cyclic oxidation

and reduction of protein methionine residues is an important antioxidant

mechanism. Mol Cell Biochem. 2002;234-235:3-9.

10. Kroger H, Dietrich A, Ohde M, Lange R, Ehrlich W, Kurpisz M.

Protection from acetaminophen-induced liver damage by the synergistic

action of low doses of the poly(ADP-ribose) polymerase-inhibitor nicoti-

namide and the antioxidant N-acetylcysteine or the amino acid L-methio-

nine. Gen Pharmacol. 1997;28:257-263.

11. Patra RC, Swarup D, Dwivedi SK. Antioxidant effects of alpha toco-

pherol, ascorbic acid and L-methionine on lead induced oxidative stress

to the liver, kidney and brain in rats. Toxicology. 2001;162:81-88.

12. Polte T, Abate A, Dennery PA, Schroder H. Heme oxygenase-1 is a

cGMP-inducible endothelial protein and mediates the cytoprotective

action of nitric oxide. Arterioscler Thromb Vasc Biol. 2000;20:1209-

1215.

13. Polte T, Hemmerle A, Berndt G, Grosser N, Abate A, Schroder H.

Atrial natriuretic peptide reduces cyclosporin toxicity in renal cells: role

of cGMP and heme oxygenase-1. Free Radic Biol Med. 2002;32:56-63.

14. Otterbein LE, Zuckerbraun BS, Haga M, et al. Carbon monoxide

suppresses arteriosclerotic lesions associated with chronic graft rejection

and with balloon injury. Nat Med. 2003;9:183-190.

15. Otterbein LE, Choi AM. Heme oxygenase: colors of defense against

cellular stress. Am J Physiol Lung Cell Mol Physiol. 2000;279:L1029-

L1037.

16. Cairo G, Tacchini L, Pogliaghi G, Anzon E, Tomasi A, Bernelli-

Zazzera A. Induction of ferritin synthesis by oxidative stress.

Transcriptional and post-transcriptional regulation by expansion of the

“free” iron pool. J Biol Chem. 1995;270:700-703.

17. Balla G, Jacob HS, Balla J, et al. Ferritin: a cytoprotective antioxidant

strategem of endothelium. J Biol Chem. 1992;267:18148-18153.

18. Kim YM, Bergonia H, Lancaster JR, Jr. Nitrogen oxide-induced auto-

protection in isolated rat hepatocytes. FEBS Lett. 1995;374:228-232.

19. Juckett MB, Balla J, Balla G, Jessurun J, Jacob HS, Vercellotti GM.

Ferritin protects endothelial cells from oxidized low density lipoprotein

in vitro. Am J Pathol. 1995;147:782-789.

20. Suda K, Rothen-Rutishauser B, Gunthert M, Wunderli-Allenspach H.

Phenotypic characterization of human umbilical vein endothelial

(ECV304) and urinary carcinoma (T24) cells: endothelial versus epithe-

lial features. In Vitro Cell Dev Biol Anim. 2001;37:505-514.

21. Munzel T, Afanas’ev IB, Kleschyov AL, Harrison DG. Detection of

superoxide in vascular tissue. Arterioscler Thromb Vasc Biol.
2002;22:1761-1768.

22. Li Y, Zhu H, Kuppusamy P, Roubaud V, Zweier JL, Trush MA.

Validation of lucigenin (bis-N-methylacridinium) as a chemilumigenic

probe for detecting superoxide anion radical production by enzymatic

and cellular systems. J Biol Chem. 1998;273:2015-2023.

23. Grosser N, Abate A, Oberle S, et al. Heme oxygenase-1 induction

may explain the antioxidant profile of aspirin. Biochem Biophys Res
Commun. 2003;308:956-960.

24. Motterlini R, Foresti R, Intaglietta M, Winslow RM. NO-mediated

activation of heme oxygenase: endogenous cytoprotection against oxida-

tive stress to endothelium. Am J Physiol. 1996;270:H107-H114.

25. Appleton SD, Chretien ML, McLaughlin BE, et al. Selective inhibi-

tion of heme oxygenase, without inhibition of nitric oxide synthase or

soluble guanylyl cyclase, by metalloporphyrins at low concentrations.

Drug Metab Dispos. 1999;27:1214-1219.



The AAPS Journal 2005; 7 (1) Article 18 (http://www.aapsj.org).

E200

26. Lovenberg W, Yamori Y. Nutritional factors and cardiovascular dis-

ease. Clin Exp Hypertens A. 1984;6:417-426.

27. Lertratanangkoon K, Orkiszewski RS, Scimeca JM. Methyl-donor

deficiency due to chemically induced glutathione depletion. Cancer Res.

1996;56:995-1005.

28. Clandinin MT, Yamashiro S. Effects of methionine supplementation

on the incidence of dietary fat induced myocardial lesions in the rat. J
Nutr. 1980;110:1197-1203.

29. Durante W, Kroll MH, Christodoulides N, Peyton KJ, Schafer AI.

Nitric oxide induces heme oxygenase-1 gene expression and carbon

monoxide production in vascular smooth muscle cells. Circ Res.

1997;80:557-564.

30. Yee EL, Pitt BR, Billiar TR, Kim YM. Effect of nitric oxide on heme

metabolism in pulmonary artery endothelial cells. Am J Physiol.
1996;271:L512-L518.

31. van Guldener C, Janssen MJ, de Meer K, Donker AJ, Stehouwer CD.

Effect of folic acid and betaine on fasting and postmethionine-loading

plasma homocysteine and methionine levels in chronic haemodialysis

patients. J Intern Med. 1999;245:175-183.

32. Chen YH, Lin SJ, Lin MW, et al. Microsatellite polymorphism in

promoter of heme oxygenase-1 gene is associated with susceptibility to

coronary artery disease in type 2 diabetic patients. Hum Genet.
2002;111:1-8.

33. Yet SF, Layne MD, Liu X, et al. Absence of heme oxygenase-1 exac-

erbates atherosclerotic lesion formation and vascular remodeling. FASEB
J. 2003;17:1759-1761.

34. Hopkins PN, Wu LL, Hunt SC, James BC, Vincent GM, Williams

RR. Higher serum bilirubin is associated with decreased risk for early

familial coronary artery disease. Arterioscler Thromb Vasc Biol.
1996;16:250-255.

35. Mayer M. Association of serum bilirubin concentration with risk of

coronary artery disease. Clin Chem. 2000;46:1723-1727.

36. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN.

Bilirubin is an antioxidant of possible physiological importance. Science.

1987;235:1043-1046.

37. Coceani F. Carbon monoxide in vasoregulation: the promise and the

challenge. Circ Res. 2000;86:1184-1186.

38. Immenschuh S, Ramadori G. Gene regulation of heme oxygenase-1

as a therapeutic target. Biochem Pharmacol. 2000;60:1121-1128.

39. Pang JH, Jiang MJ, Chen YL, et al. Increased ferritin gene expression

in atherosclerotic lesions. J Clin Invest. 1996;97:2204-2212.

40. Mori N, Hirayama K. Long-term consumption of a methionine-sup-

plemented diet increases iron and lipid peroxide levels in rat liver. J Nutr.

2000;130:2349-2355.


